Context: FGFR1 mutations cause isolated hypogonadotropic hypogonadism (IHH) with or without olfactory abnormalities, Kallmann syndrome, and normosmic IHH respectively. Recently, missense mutations in FGF8, a key ligand for fibroblast growth factor receptor (FGFR) 1 in the ontogenesis of GnRH, were identified in IHH patients, thus establishing FGF8 as a novel locus for human GnRH deficiency.
T he human fibroblast growth factors (FGFs) are encoded by 18 distinct genes (FGF1-FGF10 and FGF16-FGF23) that play pleiotropic roles in human development and metabolism (1) . The biological activities of the FGFs are mediated by FGF receptor tyrosine kinases (FGFRs) encoded by four distinct genes (FGFR1-FGFR4) in mammals (1) . Extracellular interaction between the FGFs, the receptor and heparan sulfate (HS) lead to formation of a 2:2:2 FGF-FGFR-HS symmetric dimer, which enables the intracellular tyrosine kinase domains to trans-autophosphorylate each other and become activated (2) . Aberrant FGF-FGFR signaling due to gain-or loss-offunction mutations or misexpression has been implicated in a multitude of human diseases, including craniosynostosis and chondrodysplasia syndromes, cancer, and isolated hypogonadotropic hypogonadism (IHH) (1, 3, 4) .
Congenital IHH is characterized by absent or partial puberty due to GnRH deficiency, with otherwise normal pituitary function and normal imaging of the hypothalamus-pituitary area (5) . IHH may occur in association with olfactory abnormalities (Kallmann syndrome), whereas a normal sense of smell defines normosmic IHH (5) . In addition, it is occasionally associated with other developmental anomalies, including renal agenesis, cleft lip and/or palate, selective tooth agenesis, and bimanual synkinesis (4, 6) . Loss-of-function mutations in FGFR1, KAL1, GNRHR/GNRH1, PROKR2/PROK2, GPR54, TACR3/ TAC3, and CHD7 genes have been reported in IHH patients (4 -8) . However, the genetic defects in nearly 70% of IHH cases remain to be discovered.
Research on the functional impact of a FGFR1 mutation (p.L342S), identified in a Kallmann syndrome patient, has shed light on the identity of the cognate FGFs of FGFR1 that partake in the GnRH neuron's ontogenesis (9) . It was shown that the p.L342S mutation eliminates a key binding site for FGF8 on FGFR1, thereby causing a specific reduction in FGF8's ability to bind and signal through FGFR1. Subsequently, Falardeau et al. (10) identified several heterozygous and one homozygous missense mutation in the FGF8 gene in patients with IHH and variable sense of smell. In support of these clinical studies, mice homozygous for Fgf8 hypomorphic allele have a small telencephalon with no olfactory bulbs as well as other cardiac, craniofacial, forebrain, midbrain, and cerebellar developmental abnormalities including absent GnRH neurons (11) . In contrast to knockout Fgfr1 mice, Fgf8 hypomorphic mice had also a severe renal hypoplasia, an abnormality frequently observed in KAL1 but not in FGFR1 Kallmann syndrome patients (4, 12, 13) .
In this report, we provide clinical and hormonal findings concerning two familial cases of IHH, one with Kallmann syndrome and one with normosmic IHH, carrying distinct FGF8 nonsense mutations, supporting the pathogenic role of impaired FGF8 signaling in human GnRH deficiency. (14, 15) .
Patients and Methods
One hundred fifty Brazilian adult individuals with normal sexual development at the appropriate chronological age and normal olfactory status were used as control group. This study was approved by the Ethical Committee of each institution, and written informed consent was obtained from the patients and their families for clinical and genetic studies.
Hormone assays
Gonadotropin levels were measured by immunofluorometric assays (IFMA) or RIA. The coefficient of variation was less than 5% for all assays. The lower limits of detection were 0.1 U/liter for LH, 1.0 U/liter for FSH, 13 pg/ml (47 pmol/liter) for estradiol, and 19 ng/dl (0.6 nmol/liter) for testosterone. Reference ranges are depicted in Table 1 . Serum LH and FSH levels were measured at Ϫ15, 0, 15, 30, 45, and 60 min after the iv administration of 100 g of GnRH.
For RIA, LH peak after GnRH (100 g gonadorelin iv) higher than 15 U/liter in females and higher than 25 U/liter in males were considered pubertal responses. For IFMA, GnRH-stimulated LH peak higher than 6.9 U/liter in girls and higher than 9.6 U/liter in boys were considered pubertal responses.
Genetic analysis of FGF8 gene
Genomic DNA was extracted from peripheral blood leukocytes using standard procedures. All exons and adjacent intronic sequences for the FGF8 gene (NM 033163) were amplified in 20 l reaction mixes containing 200 -500 ng DNA, 0.2 mM dNTPs, 1.5 mM MgCl 2 , 0.6 pmol of each of the primers, 1ϫ PCR buffer, and 1 U Taq polymerase (Amersham Pharmacia, Piscataway, NJ). Amplified products were pretreated with an enzymatic combination of exonuclease I and shrimp alkaline phosphatase (U.S. Biochemical Corp., Cleveland, OH) and directly sequenced using the BigDye terminator cycle sequencing ready reaction kit (PE Applied Biosystems, Foster City, CA) in an ABI PRISM 310 automatic sequencer (PerkinElmer Cetus, Foster City, CA). The identified mutations were confirmed by sequencing both strands of PCR products from three independent reactions. For primer sequences and annealing temperatures, see Supplemental Table  1 (published on The Endocrine Society's Journals Online web site at http://jcem.endojournals.org).
Results
Automatic sequencing of the FGF8 gene revealed two heterozygous nonsense mutations, p.R127X and p.R129X in two familial cases of IHH due to C to T transitions at nucleotides 763 and 769 (c.763C3T and c.769C3T), respectively (Supplemental Fig. 1 ). The p.R127X was identified in the female patient with Kallmann syndrome (case 1; subject II:4, family 1) and the p.R129X in the male patient with normosmic IHH (case 2; subject II:3, family 2). Both mutations are located in the highly conserved FGF ␤-trefoil core domain and were absent in 150 unaffected control individuals (Fig. 1, C and D) . Basal hormone evaluation showed inappropriately low gonadotropin levels together with prepubertal concentrations of sex steroids in both patients [case 1: LH 0.2 U/liter, FSH Ͻ1.0 U/liter (RIA), and estradiol Ͻ13 pg/ml (RIA); case 2: LH Ͻ0.1 IU/liter, FSH Ͻ1.0 IU/liter, and testosterone 70 ng/dl]. Both patients exhibited a poor response after a prolonged GnRH stimulation test (Table 1) . Other tests of anterior pituitary function, as well as hypothalamus-pituitary imaging and an abdominal ultrasonography, were normal. Magnetic resonance imaging of the olfactory structure revealed normal olfactory bulbs and sulci. Reproductive phenotypes included primary amenorrhea (case 1) and micropenis and cryptorchidism (case 2). No other phenotypic stigmata, including dental agenesis, cleft lip/palate, nystagmus, hearing loss, bimanual synkinesis, and color blindness was observed. Patients' characteristics and their hormonal profile are outlined in Table 1 . Pedigree presentations of both cases are shown in Fig. 1, A and B , and all familial genotype-phenotype information available is described in Table 1 . Further details are given in the Supplemental Data.
Discussion
FGF8 is expressed in many organizing centers during embryogenesis and controls patterning of many tissues/organs including brain, limbs, heart, ear, and eye (16, 17) . An alternative splicing event at the N terminus of FGF8 generates four isoforms (a, b, e, and f) that serves to modulate binding interactions of FGF8 with its cognate FGFRs including FGFR1c (16, 17) . Here, we have identified the first heterozygous nonsense FGF8 mutations, p.R127X and p.R129X, in two probands with familial IHH, one with Kallmann syndrome and one with normosmic IHH, respectively. Both mutations map to the core domain of FGFs (Fig. 1, C and D) and therefore should manifest in all four FGF8 isoforms. The mutations are predicted to give rise to truncated FGF8 ligands that lack key regions required for receptor and HS binding (16) . Alternatively, mRNA transcripts that contain a premature termination codon may be destroyed by a nonsense mRNA decay mechanism leading also to FGF8 haploinsufficiency (18) .
The first loss-of-function FGF8 mutation, a homozygous p.D73H, in humans was identified in 2007 by Riley et al. (19) , in a male with a nonsyndromic cleft lip and palate. One year later, Falardeau et al. (10) reported FGF8 missense mutations in patients with Kallmann syndrome and normosmic IHH (10) . Six missense mutations were detected in FGF8 in IHH probands with variable olfactory phenotypes and different degrees of GnRH deficiency, including the rare adult-onset form of IHH. Four of these mutations (p.H14N, p.K100E, p.R127G, and p.T229M) affected all four FGF8 splice isoforms, whereas two mutations (p.P26L and p.F40L) affected only e and f FGF8 isoforms. All FGF8 mutations were identified in the heterozygous state, except for p.F40L mutation. Biochemical analysis of mutated FGF8b and FGF8f revealed that mutations in the FGF8 gene impair the biological activity of ligand in vitro (10) .
Interestingly, although mice homozygous for a Fgf8 hypomorphic allele lack GnRH neurons in the hypothalamus, heterozygous mice exhibited markedly decreased numbers of GnRH neurons, indicating an exquisite sensitivity of decreased FGF8 signaling for GnRH neuron development (10) . In addition, experimental results of Chung et al. (20) clearly indicated that one Fgf8 hypomorphic allele is sufficient to significantly impair GnRH neuronal development. These authors suggested that FGF8 mutations in Kallmann syndrome may compromise human GnRH system function by abrogating the initial emergence of GnRH neurons from the olfactory epithelium (20) .
Several nonreproductive phenotypes have been described in IHH patients. Some of these anomalies, such as bimanual synkinesis, midline defects, and dental agenesis, were largely attributed to KAL1 and FGFR1 mutations (Supplemental Table 2 ). Considerable phenotypic heterogeneity was evident in family 1, with affected members presenting variable degrees of GnRH deficiency, from severe IHH to delayed puberty and normal reproductive function. Furthermore, variable olfactory phenotypes, craniofacial abnormalities, and neurosensorial deafness also prevailed among them (Fig. 1A and Table 1 ). It is likely that the effect of the heterozygous FGF8 mutations is modified by other gene defects and/or the environment, explaining at least partially the variable expressivity and incomplete penetrance. In fact, a digenic model of inheritance has been proposed as a cause of the highly phenotypic heterogeneity observed in families with GnRH deficiency (9) .
Recently, a missense mutation of FGF8, disturbing the same R127 residue (p.R127G), was reported to cause Kallmann syndrome associated with cleft lip/palate, deafness, flat nasal bridge, camplodactyly, and hyperlaxity (10) . In family 1 (Fig. 1A) , cleft lip and palate was present in one affected member (subject II:1) who harbored the p.R127X FGF8 mutation. These findings, together with the previous descriptions of patients with cleft lip palate due to FGFR1 or FGF8 mutations, strongly suggest that impaired FGF8 signaling contributes to cleft lip/palate (4, 10, 19) . Neurosensorial deafness was also observed in several members of family 1 harboring the p.R127X, including one brother with normosmic IHH and cleft lip and palate (subject II:1) and two siblings with delayed puberty and deafness (subjects II:2 and II:7). Notably, neurosensorial deafness was also observed in one sibling without the p.R127X (subject II:6), suggesting that deafness segregates independently of the FGF8 mutation in this family.
In conclusion, we described novel molecular FGF8 gene defects and provided unequivocal evidence that FGF8 loss-of-function mutations are a cause of IHH in humans. In addition, the findings of FGF8 mutations in patients with and without olfactory abnormalities extend the repertoire of genes implicated in both Kallmann syndrome and normosmic IHH.
